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a b s t r a c t
Colony Collapse Disorder (CCD), a special case of collapse of honey bee colonies, has resulted in signiﬁcant
losses for beekeepers. CCD-colonies show abundance of pathogens which suggests that they have a
weakened immune system. Since honey bee viruses are major players in colony collapse and given the
important role of viral RNA interference (RNAi) in combating viral infections we investigated if CCD-colonies
elicit an RNAi response. Deep-sequencing analysis of samples from CCD-colonies from US and Israel revealed
abundant small interfering RNAs (siRNA) of 21–22 nucleotides perfectly matching the Israeli acute paralysis
virus (IAPV), Kashmir virus and Deformed wing virus genomes. Israeli colonies showed high titers of IAPV
and a conserved RNAi-pattern of matching the viral genome. That was also observed in sample analysis from
colonies experimentally infected with IAPV. Our results suggest that CCD-colonies set out a siRNA response
that is speciﬁc against predominant viruses associated with colony losses.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Colony Collapse Disorder (CCD) is a special case of collapse
of honey bee colonies that has resulted in substantial losses for
beekeepers around the globe (Cox-Foster et al., 2007; Stokstad, 2007;
Genersch et al., 2010). CCD-affected colonies lose most of the adult
bee population and are left with a live queen, abundant brood, plenty
of food and no dead honey bees in the hive (van Engelsdorp et al.,
2009). Several pathogens including honey bee viruses were involved
in honey bee colony collapse (Highﬁeld et al., 2009; de Miranda and
Genersch, 2010; Cornman et al., 2012; Higes et al., 2008; Soroker
et al., 2011). Moreover, CCD colonies exhibit higher abundance and
prevalence of pathogens (Cornman et al., 2012). The presence of RNA
viruses and most particularly the Israeli acute paralysis virus (IAPV)
were initially associated with CCD (Cox-Foster et al., 2007; Maori
et al., 2007). Other viruses pathogenic to Apis melliferawere found in
collapsing colonies like the Kashmir virus (KBV) and the Deformed
wing virus (DWV) (Highﬁeld et al., 2009; Cornman et al., 2012; Chen
and Siede, 2007). IAPV and KBV are dicistroviruses with about 9.5 kb
positive-sense single-stranded RNA genomes with two IRES (internal
ribosome entry sites) and twomajor ORFs encoding two polyproteins
(Maori et al., 2007). A third small ORF (ORFx) was recently described
(Ren et al., 2012). One IRES is found in the 50UTR and the other
located in the intergenic region, between ORF1 and ORF2. DWV is an
iﬂavirus with about 10.2 kb positive-sense single-stranded RNA
genome that bears a single open reading frame (ORF) ﬂanked by a
long 50 untranslated region (50 UTR) and a short, highly conserved
(30 UTR) terminated with a 30 poly-A tail. Within the 50 UTR lies an
IRES (Lanzi et al., 2006). These single-stranded RNA viruses generate
double strand RNA intermediates during their replication (Chen and
Siede, 2007; de Miranda et al., 2010).
RNA interference (RNAi) is an efﬁcient cellular antiviral defense
mechanism of invertebrates and plants that involves the production
of small RNA populations termed small interfering RNA (siRNA),
microRNA (miRNA) and piRNA (Ding and Voinnet, 2007; Kemp and
Imler, 2009; Morazzani et al., 2012; Vodovar et al., 2012). In the
siRNAs and miRNA pathways dsRNAs from viral origin or generated
during the viral life cycle are recognized by the cellular machinery
and processed by RNase III enzymes into small RNAs duplexes of 20–
24 nucleotides that are recruited by Argonaute (Ago) proteins into
RNA-inducing silencing complexes (RISC). In the siRNA pathway
maturation of the RISC complex involves cleavage of one strand,
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called the passenger strand, that is degraded and 2-O0methylation of
the 30-end nucleotide of the other strand that is selected to serve as a
viral sequence-speciﬁc guide to target the cognate RNA for degrada-
tion by the RNase activity of Ago (Sabin et al., 2013; Mueller et al.,
2010; Ding and Lu, 2011). siRNAs are generated from perfectly-paired
dsRNA precursors while miRNAs are generated from imperfect-
paired dsRNA precursors (Ding and Voinnet, 2007). In Drosophila
the siRNA pathway involves recognition of the viral dsRNA by
Dicer-2, (Dcr-2) that generates mostly 21 nucleotide dsRNA mole-
cules that are loaded into the pre-RISC complex (Ding, 2010; Kemp
and Imler, 2009). The guide-strand mediated cleavage of the viral
RNA by Ago-2 depends on the exact pairing between the siRNA and
its target (Ding, 2010; Kemp and Imler, 2009; Vodovar and Saleh,
2012). The piRNA pathway is dicer-independent and its involvement
in the antiviral response was recently discovered in mosquitoes
(Morazzani et al., 2012; Vodovar et al., 2012).
Deep sequencing is a powerful technique that has been utilized
to characterize natural small RNA populations generated by RNA
virus infections in invertebrate and vertebrates (Han et al., 2011;
Parameswaran., 2010; Myles et al., 2008). It allowed mapping
regions of the viral genome that are targeted by the host cellular
machinery in a qualitative and quantitative mode (Sabin et al.,
2013; Mueller et al., 2010; Han et al., 2011; Parameswaran., 2010;
Myles et al., 2008). Moreover, small silencing RNAs derived from
invading viruses that are overlapping in sequence can be
assembled into longer contiguous fragments that allow identiﬁca-
tion of prominent invading viruses (Wu et al., 2010).
The high load of honey bee viruses in CCD-colonies, that
display a rapid depletion of their worker population, suggested
that their immune defenses were weakened (Cox-Foster et al.,
2007; van Engelsdorp et al., 2009; Cornman et al., 2012). Since
RNAi is a major response against viral pathogens our aim in this
study was to ﬁnd out if workers from CCD-colonies display an
RNAi response and begin to characterize it. For this purpose we
performed high throughput sequencing and analysis of small RNA
from Israel and US CCD-colonies. The data revealed high frequency
of RNAs of 21–22 nucleotides perfectly matching the IAPV, the KBV
and the DWV genomes in these colonies. All Israeli CCD-colonies
showed high number of reads of small RNA matching the IAPV
genome in a conserved pattern. Further analysis of these colonies
by quantitative real-time PCR revealed that they were loaded with
IAPV. Examination of the small RNAs produced in healthy honey
bee colonies experimentally infected with IAPV and analysis of
the distribution of the negative- vs. positive-sense strand RNAs
supported the hypothesis that CCD-colonies are able to set out a
functional RNAi response against viruses predominant in colony
collapse.
Results
Characterization of the small RNA libraries in A. mellifera CCD
colonies
To investigate if honey bee colonies collapsing from CCD exhibit
an RNAi response we performed deep sequencing of ﬁve CCD
colonies, three from Israel (IC2-CCD, IC-CCD and ISHR-CCD) and
two from the US (U15-CCD and U16-CCD) as described in Materials
and methods. Unaffected colonies from the same apiaries were
used as controls (ICS3-CTR, IR3-CTR from IL and U6-CTR from the
US). The characterization and distribution of total reads and small
RNA reads from each colony is presented in Table 1. In these
colonies the population of small RNA ﬂuctuated between about
12% and 29% of the total reads (Table 1).
Is there any evidence for an antiviral RNAi response in CCD-colonies?
Analysis of the above CCD colonies revealed a signiﬁcant
increase in the population of small RNA with perfect matches to
the genomes of the dicistroviruses IAPV and KBV (colonies IC2-
CCD, IC-CCD and ISHR-CCD with about 3500–4200/million reads,
and 15 with 27,000/million reads, respectively) and the Iﬂavirus
DWV (colonies IC-CCD, U15-CCD and U16-CCD with 1000, 10,000
and 6700/million reads, respectively) (Fig. 1). Control colonies
showed very low viral reads (ICS3-CTR, IR3-CTR and U6-CTR with
reads below 60/million) (Fig. 1). Also, a low incidence of small RNA
perfect matches was observed for Acute bee paralysis virus (ABPV),
Sacbrood virus (SBV), and Varroa destructor virus-1 (VDV) (Chen
and Siede, 2007; Ongus et al., 2004). Matches showing homology
to Kakugo virus (KV) were DWV matches completely homologous
to KV. Reads matching the Black queen cell virus (BQCV) were
negligible. These small RNAs comprised an abundant population of
21–22 nucleotide length perfectly matching the viral RNAs, where
the 22 nucleotide RNAs were predominant, as shown for IAPV,
KBV and DWV (Fig. 2).
Comparative analysis of the colonies with abundant IAPV-
speciﬁc small RNA revealed a pattern of high incidence of reads
matching the 30 end of the positive- and negative-sense RNA
strands of the IAPV genome (between nucleotides 8500–9000 and
1–1200, respectively) (Fig. 3A). Also a large peak with high
number of reads was observed around nucleotide position 5600
of the negative-sense RNA strand. Since viral silencing RNAs
produced in invertebrates can be used to identify invading viruses
we performed de novo assembly of the viral RNA contigs in these
colonies. This analysis enabled reassembly of the complete IAPV
genome in colonies IC2-CCD, IC-CCD and ISHR-CCD, and partial
reconstruction of the ABPV and SBV genomes in colonies IC2-CCD
and ISHR-CCD (Fig. 4). Quantitative real-time PCR analysis showed
high IAPV titers in these CCD colonies that matched the strong
siRNA response against this virus (Table 2).
The pattern of siRNA observed for KBV in CCD colonies 15 and
16 was less clear (Fig. 3C). In comparison, a control colony showed
negligible number of reads (Fig. 3D).
Analysis of the proﬁle of siRNA matching the iﬂavirus DWV
showed differences between the Israeli- and the US-CCD colonies
(Fig. 5A and B, respectively). The former displayed a high incidence
of siRNA matching the 30 and 50 ends of the DWV positive- and
negative-sense RNA strands, respectively (Fig. 5A), and the latter
showed high number of siRNA reads matching both RNA strands
along the whole DWV genome (Fig. 5B). de novo assembly enabled
the reconstruction of most of the genomes of KBV and DWV in
colony 15, and of IAPV and DWV in colony 16 (Fig. 4). Partial
assembly of ABPV was seen for colony 15 and of ABPV and BQCV in
colony 16 (Fig. 4, ibid).
Table 1
Characteristics of small RNA from CCD- and healthy-honey bee colonies.
Colony
name
Type Location Total
reads
Total 18–29
reads
Total 20–24
reads small
RNA
Small
RNA
(%)
IC2-CCD CCD IS 2.3Eþ07 7,804,874 3,832,086 16.54
IC-CCD CCD IS 3Eþ07 9,120,562 4,519,005 14.88
ISHR-CCD CCD IS 3Eþ07 7,611,503 3,533,517 11.6
U15-CCD CCD US 5.5Eþ07 2.3Eþ07 1.6Eþ07 28.75
U16-CCD CCD US 3.8Eþ07 1.4Eþ07 8,430,406 22.12
ICS3-CTR Control IS 4Eþ07 1.1Eþ07 5,227,247 12.97
IR3-CTR Control IS 3Eþ07 8,731,739 4,154,692 13.69
1 Control US 3.1Eþ07 1.1Eþ07 7,678,202 24.78
2 Control US 4Eþ07 1.7Eþ07 1.2Eþ07 28.48
3 IAPV US 3Eþ07 1.1Eþ07 6,963,407 23.28
4 IAPV US 4.7Eþ07 1.8Eþ07 1.2Eþ07 26.2
U6-CTR Control US 3.8Eþ07 1.5Eþ07 9,833,445 25.58
7 IAPV US 3.4Eþ07 1.4Eþ07 9,161,749 26.93
8 IAPV US 5.8Eþ07 2.2Eþ07 1.4Eþ07 24.31
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Experimental infection of honey bee colonies with IAPV yield siRNAs
matching the viral genome
To conﬁrm that the observed small RNAs in the above colonies
correspond to the virus derived siRNA we analyzed the small RNA
populations of honey bee colonies experimentally infected with
IAPV (see Materials and Methods). Infection performed with the
eastern US strain of IAPV showed high incidence of small RNA
matching the 50- and 30-end of the positive- and negative-RNA
strands of the IAPV genome in contrast to control colonies that
displayed negligible reads of IAPV small RNA (Fig. 3B and not
shown, respectively). Also, a peak was observed around nucleotide
position 5450 of the positive-RNA strand (Fig. 3B). Again the peak
size distribution of these RNAs showed an abundant population of
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Fig. 1. Incidence of small RNAs targeting honey bee viruses in CCD-colonies. X-axis, honey bee viruses names. Israeli-CCD colonies: I2-CCD, IC-CCD, ISHR-CCD; US-CCD
colonies: U15-CCD and U16-CCD; Israeli-control colonies: IR3-CTR and ICS3-CTR; and US-control colony: U6-CTR.
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Fig. 2. Size distribution of small RNAs perfectly matching the genomes of the viruses IAPV, KBV and DWV.
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21–22 nucleotide length perfectly matching the IAPV genome
where the 22 nucleotide RNAs were predominant (not shown).
Asymmetric distribution of IAPV small RNAs
The above results support the idea that the ﬁrst step in the
antiviral response, namely sensing and dicing the IAPV replicating
RNA is functional in CCD-colonies. However the above results did
not provide information about the viral-sequence speciﬁc compo-
nent of the RNAi response. To investigate if the viral-speciﬁcity
component of the RNAi response was present in CCD-colonies we
examined the distribution of the positive- and negative-sense
IAPV siRNA in colonies IC2-CCD, IC-CCD and ISHR-CCD. These
colonies showed a clear bias towards the accumulation of the
virus-derived 21–22 negative strand RNAs (Fig. 6).
Discussion
In this study we examined the small RNA populations present
in CCD-colonies focusing on siRNA. Notably, our work revealed a
large siRNA population matching the genomes of viruses patho-
genic to the honey bee previously involved in various types of
colony collapse in the US, Europe and Israel (Cox-Foster et al.,
2007; Genersch et al., 2010; Soroker et al., 2011; Dainat et al.,
2012). A metagenomic study in the US strongly correlated IAPV
with CCD (Cox-Foster et al., 2007). However, a follow up study in
the US did not replicate those results (van Engelsdorp et al., 2009).
Moreover, no single factor was found with enough consistency to
suggest one causal agent of CCD. These CCD-colonies had higher
pathogen loads and were co-infected with more pathogens than
control populations, suggesting either greater pathogen exposure
or reduced defenses in CCD-bees (van Engelsdorp et al., 2009;
Cornman et al., 2012; Soroker et al., 2011; Dainat et al., 2012).
Pathogens like Varroa destructor and neonicotinoids have been
shown to amplify replication of viruses lethal to honey bees (Nazzi
et al., 2012; Di Prisco et al., 2013). In Israel we found several
isolated spots with colonies showing typical CCD symptoms and
further testing revealed that they bore high titers of IAPV com-
pared to other viruses pathogenic to the honey bee (Hou et al.,
submitted for publication).
Previous reports indicated that feeding of IAPV-infected colo-
nies with artiﬁcial dsRNA resulted in amelioration of the viral
infection (Maori et al., 2009; Hunter et al., 2010), but this is the
ﬁrst report studying the natural siRNA response in CCD-colonies.
We found in CCD-colonies high incidence of siRNA matching the
genomes of IAPV, KBV and DWV, viruses that replicate through
double strand RNA intermediate molecules (Figs. 2 and 3). This
ﬁnding indicates that CCD-colonies were able to set out an antiviral
response as it was described in Drosophila and other invertebrates
(Ding and Voinnet, 2007; Kemp and Imler, 2009; Morazzani et al.,
2012; Vodovar et al., 2012; Ding, 2010 and see below). In Drosophila
melanogaster Dcr-2 (with its cofactor R2D2) sets out the RNAi
response in the siRNA pathway by sensing the replicating dsRNA
produced in ssRNA virus infections and cleaving it to generate
predominantly 21 length nucleotide siRNAs (Vodovar and Saleh,
2012). These molecules are loaded to the preRISC complex where
after maturation and processing the selected RNA-strand directs
Ago-2 mediated sequence-speciﬁc degradation of the viral RNAs
(Ding, 2010; Kemp and Imler, 2009; Vodovar and Saleh, 2012). This
Fig. 3. Distribution of 20–24 nucleotides siRNA along the IAPV- and KBV-dicistroviruses genomes. (A) IAPV, IC-CCD colony. (B) IAPV-infected colonies. (C) and (D) KBV, U15-
CCD and U6-CTR colonies. Y-axis upper positive and lower negative reads, small RNAs targeting the positive- and negative-sense strands, respectively. The viral genome
including the ORFs is depicted at the bottom of each drawing. Please note that the maximum and minimum values of the Y-axis in (B) are 100 and 100 reads, respectively.
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function of Dcr-2 is a clear antiviral response since Drosophila
mutants defective in Dcr-2 fail to overcome the viral infection as
demonstrated in the Flock house virus FHV model system (Han et al.,
2011). Drosophila Ago-2 deffective mutants are highly susceptible to
FHV and dicistrovirus DCV infections as well (Han et al., 2011; van Rij
et al., 2006).
Fig. 4. Position and distribution along the viral genomes of the siRNA contigs assembled from the small RNAs of IAPV, ABPV, KBV, BQCV, SBV and DWV sequenced from the
CCD colonies indicated in the ﬁgure. The nucleotide positions in kilobases are indicated for each genome (kb ruler).
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The asymmetrical distribution of the canonical 21–22 nucleo-
tide IAPV-derived siRNA in CCD-colonies, with a clear bias towards
the negative-strand RNA (Fig. 6) suggests that following the dicing
of the viral dsRNA, it is loaded to pre-RISC where strand-selection
is executed. This selected strand might be able to direct siRNA-
mediated cleavage of the cognate viral RNA by Ago-2. In this
respect, deep sequence analysis of Drosophila mutants deﬁcient in
dcr-2 or ago-2 infected with a B2-mutant of the positive-sense
strand RNA virus FHV showed preferential accumulation of siRNAs
mapping to the positive-sense strand of FHV (Han et al., 2011).
Also, infection of Drosophila with the dicistrovirus DCV results in
siRNA that map to the virus positive RNA-strand (Sabin et al.,
2013).
On the other hand the accumulation of 21–22 nucleotide of
negative-sense RNAs matching the IAPV genome may not lead to
sequence speciﬁc cleavage if this strand is not 30-terminal methy-
lated. Thus, the hypothesis that the viral sequence-speciﬁc com-
ponent of the RNAi response is functional in CCD-colonies requires
a more deﬁnitive proof like the assessment of the ability of the
RISC-loaded siRNA to resist beta elimination due its 20-O-methyla-
tion in RISC (Horwich et al., 2007).
Differently from DCV infecting Drosophila, honey bees infected
with the dicistrovirus IAPV displayed a distinctive pattern of siRNA
coverage of the virus genome, where reads mapped to speciﬁc
regions of both positive- and negative-sense RNA strands (Fig. 3A
and B). The basis of these differences in the matching pattern is
not clear.
Also, we found that the most abundant siRNA size observed in
the honey bee is 22 nucleotides length, followed by 21 nucleotide
length molecules. In this respect it is remarkable that the honey
bee genome bears orthologues of dicer-1, d2r2 and ago-2 and
a dicer-like gene with low homology to Drosophila's dicer-2
(The Honeybee Genome Sequencing Consortium, 2006). In Droso-
phila Dicer-1 is involved in the biogenesis of 22 nucleotides' small
RNAs and the miRNA pathway (Karlikow et al., 2013). Thus, future
research of the components of the RNA-dicing machinery in
A. mellifera is required to clarify the source of the size nucleotide
siRNA distribution that we observed in our analysis.
According to the siRNA incidence data the most dominant viral
pathogen in the Israeli CCD-colonies was IAPV. Two pieces of
evidence reafﬁrmed this conclusion: de novo assembly of the IAPV
genome from small RNA contigs and high titers of IAPV detected
by quantitative real time PCR (Fig. 4 and Table 2, respectively). KBV
was predominant in one US colony but we could not distinguish a
strand-speciﬁc pattern of siRNA targeting the KBV genome.
Instead, we observed high incidence of small RNAs that were
distributed along the positive- and negative-sense RNA strands of
the viral genome (Fig. 3C). This may reﬂect a large population of
viral small RNAs present in replicating KBV and acting as decoys to
evade the RNAi response, as it was suggested before in virus-
infected Drosophila and mosquito systems (Vodovar and Saleh,
2012; Siu et al., 2011). Our observation of the presence of KBV was
made on a single CCD-colony where KBV was dominant and
further examination of samples from CCD-colonies displaying high
incidence of KBV-speciﬁc siRNA are required to obtain deﬁnitive
conclusions.
Finally, we observed a marked difference between Israeli and
US colonies in the pattern of siRNA mapping to the DWV genome
(Fig. 5). The former colonies showed high number of siRNA reads
matching the genomic region encompassed between nucleotide
5000 to the C-terminus of both, RNA positive- and negative-sense
Table 2
Quantitative determination of the genomic copies of IAPV present per bee in CCD
and control colonies.
Colony IAPV genomic
copies/100 ng RNA
IAPV de novo
assembly
IC2-CCD 1.9109 Yes
IC-CCD 1.1107 Yes
ISHR-CCD 2.1107 Yes
ICS3-CTR 0.8102 No
IR3-CTR 7.0103 No
Total RNA was extracted from a pool of 10 adult honey bees and submitted to
quantitative Real-time RT-PCR as described in Materials and methods.
Fig. 5. Distribution of 20–24 nucleotides siRNA along the genome of the iﬂavirus DWV. Y-axis upper positive and lower negative reads, small RNAs targeting the positive-
and negative-sense strands, respectively. The viral genome including the ORFs is depicted at the bottom (wide black bar).
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Fig. 6. Strand-sense distribution of IAPV-derived small RNAs in CCD-colonies. Relative
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strands from DWV, and the latter showed high incidence of siRNA
reads matching both RNA strands along the whole DWV genome.
These results could be attributed to strain differences of DWV
between Israeli and US colonies. In this respect, it is interesting to
note that recombinant viruses between VDV and DWV were
observed in symptomatic bees from Israeli colonies infested with
V. destructor (Zioni et al., 2011). These recombinant viruses bore
most of the 50 terminal region of the VDV genome and the 30
terminal region of the DWV genome. Notably, VDV and DWV share
84% nucleotide identity (Ongus et al., 2004). In the US CCD-
colonies we found the complete genome of DWV by de novo
assembly, suggesting that this virus was replicating in these
colonies and not in the Israeli colonies.
In conclusion, we found that CCD-colonies were able to set out
a RNAi response. These colonies are able to recognize the invading
virus and dice its replicating genome. The data suggest that the
virus-speciﬁc component of the siRNA pathway mediated by Ago-
2 is functional as well, but further experiments are needed to
conﬁrm this hypothesis. It is conceivable that other components
involved in the innate immune response against viruses may be
deﬁcient in CCD-colonies. In this respect, possible candidates to
look after are phagocytosis and components of the JAK/STAT, and
imd pathways that were shown to be manipulated by dicistro-
viruses in Drosophila (Hedges and Johnson, 2008; Kemp et al.,
2013; Zhu et al., 2013).
Materials and methods
Samples
CCD- and non-CCD colonies were sampled from the US (Florida,
colonies 15-CCD and 16-CCD) and Israel (IC2-CCD, IC-CCD and
ISHR-CCD). The latter were colonies from a spotted location of the
Israeli plain coast (Hasharon) that presented all the symptoms
characteristic of CCD (Cox-Foster et al., 2007); namely they lost
most of the workers' population, while the queen was present
with a few workers, and they had substantial capped brood and
food reserves; no dead bees were found in or in the proximity of
these colonies. Unaffected colonies from the same apiaries were
used as controls (ICS3-CTR, IR3-CTR from IL and U6-CTR from
the US).
Small RNA library preparation, sequencing and analysis
Total RNA was extracted from the above colonies (10 adult bees
from 50 bees' size sample) and small RNA was prepared with the
mirVana kit (Life technologies) following the manufacturer's
instructions. Library construction, barcoding and sequencing were
performed using the Solid platform (ABI) at the Pennstate Geno-
mics Core Facility.
Data analysis
The “cutadaptat” tool (https://code.google.com/p/cutadapt/)
was used to remove the adapter sequences attached during the
sequencing reaction (30 solid adapter: 3302010303) with mini-
mum overlap length of 5 between the read and the adapter, allow
12% errors. Solid ABI reads are 35 nucleotides (nt) long. If the
adapter was identiﬁed and removed the expected length should be
less than 35 nt but not too small, i.e., most of the reads would be
adapter (no insert). Therefore for downstream analysis we focused
on a range of reads' length of 18–29 by setting the “cutadapt”
output parameters (m 18 –M 29). Next, the Solid ABI color space
strings were translated to bases.
To explore the repertoire of known viruses these reads were
mapped against 829 invertebrates viral genomes (http://www.
ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?opt=vir
us&taxid=10239&host=invertebrates) with Bowtie (Langmead
et al., 2009). Next, for the counting of virus load, only perfect
matches of reads of 20 to 24 nt long were mapped. Counts were
normalized to total number of the reads in each library multiplied
by 10 million and the area under peaks was calculated using
“ChipSeq” R package.
De novo assembly
Reads at length 18–29 were assembled using velvet (http://
www.ebi.ac.uk/zerbino/velvet/), with k-mer of 17. To annotate
the consensus sequences (contigs) that were a result of de novo
assembly we performed BLAST and selected for hits with a
similarity score Z90%. Illustration of contigs on a viral genome
reference was obtained using genoPlotR package in R.
Quantitative RT-PCR
cDNA for qPCR analysis was generated from total RNA using
Maxima reverse transcriptase (Thermo Scientiﬁc) and oligo( dT) 21.
Quantitative real time PCR was performed utilizing the IAPV primers
and methodology described before (Palacios et al., 2008) in a Corbett
Rotor-Gene 3000 apparatus (Qiagene). Three biological replicates
were performed and reactions were done in triplicate.
Experimental infection of honey bee colonies with IAPV
Experimental colonies 3, 4, 7 and 8 were fed with the eastern
strain of IAPV (Palacios et al., 2008) in sucrose solution and the
symptoms of infection were carefully followed as described before
(Maori et al., 2009; Singh et al., 2010). Control colonies 1 and,
2 were fed with sucrose only.
Total RNA was extracted from infected adult bees and cDNA
libraries were constructed from small RNA as described above.
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